Abstract In this work, two new aerobic routes are introduced for the oxidation of a variety of benzoins to benzils by using molecular oxygen in the presence of porphyrins as sensitizers, using white light or sunlight in acetonitrile under mild conditions. The methods have a wide range of applications, do not involve cumbersome work-up, exhibit chemoselectivity and proceed under mild reaction conditions. The resulting products are obtained in good yields in a reasonable time.
Introduction
Among the important structures that are found in many bioactive compounds [1, 2] , and applications in organic synthesis are 1,2-diketones [3] . 1,2-Diketones are utilized as intermediates in the synthesis of chiral ligands, pharmaceuticals, and biologically active compounds [4] [5] [6] , photoinitiators [7] [8] [9] [10] , precursors of porphyrins [11] [12] [13] , preparation of variety of heterocycles [14] [15] [16] [17] [18] [19] [20] [21] , and natural products [22, 23] . 1,2-Diketones are found in selective inhibitors of carboxylesterases, acid corrosion of mild steel inhibitors, and in photocurable coatings as photosensitive agents [24] [25] [26] .
Because of the above-mentioned properties of 1,2-diketones, various synthetic methods have been reported by different research groups, such as direct oxidation of a-hydroxyketones by using nitric acid [27] , ammonium nitrate-copper(II) acetate [28] , thallium(III) nitrate [29] , iodoxybenzene [30] , oxone-alumina [31] , bismuth(III) nitrate-copper(II) acetate [32] , iron(III) nitrate [33] , tert-butyl hydroperoxide-titanium(IV) chloride [34] , sodium hydride [35] , and porphyrin [36] . 1,2-Diketones have been synthesized with different reagents, such as oxidation of 1,2-diols [37, 38] , oxidation of alkynes [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] , oxidation of alkenes [50] , oxidation of a-methylene ketones [51] , rearrangement of a,b-epoxyketones [52] [53] [54] , oxidation of vicinal dihaloalkenes [55] , oxidation of epoxides [56] , oxidation of 1,3-diols [57] , and oxidation with molecular oxygen. They have been catalyzed by trichlorooxyvanadium [58] , nickel-aluminum hydrotalcite [59] , and chiral cobalt complex [60] , while palladium-catalyzed oxidation of benzoins to benzils was achieved by using CsOH or K 2 CO 3 as a base [61] [62] [63] . Porphyrins and metalloporphyrin complexes have been used in numerous biological systems [64] . Various synthetic metalloporphyrins have been studied such as the cytochrome P-450 model and as the catalyst for oxidation of alcohols, hydrocarbons and epoxidation of alkenes using molecular oxygen and various oxygen transfer reagents [65] [66] [67] [68] [69] . Iron porphyrins are well known, and many studies have been devoted to elucidating and using catalysts for alkane hydroxylation, oxidation of alkanes to alcohols or ketones, and oxidation of hydrocarbons [70] [71] [72] [73] . Stochiometric amounts of a strong oxidant are needed for the generation of metalloporphyrins [74] . The photosensitized production of singlet oxygen has significance in the photooxidation of organic compounds, DNA damage, and photodynamic therapy [75] [76] [77] , such that a variety of these photosensitizers have been developed and extensively studied [78] [79] [80] [81] [82] [83] .
Experimental
General procedure for the synthesis of porphyrins H 2 TPP (Tetraphenylpor phyrin), H 2 TMP (Tetramesitylepor phyrin), H 2 TPFPP (Tetra(pentafluorophenyl) porphyrin), ClFeTMP, ClFeTPP, ClFeTPFPP and ZnTMP were synthesized and purified using Lindsey's Method and metallated according to Adler [84] [85] [86] . Metallated and non-metalled sensitizers were characterized by UV-Vis and 1 H NMR spectra.
General procedure for the synthesis of benzoins
To a solution of adehydes (15 mmol) in EtOH (8 mL) was added a solution of NaCN (6.3 mmol) in H 2 O (1.5 mL). After stirring at reflux (80°C) for 2 h, the reaction mixture was cooled to room temperature, concentrated in vacuo, and extracted with CH 2 Cl 2 and saturated aqueous NaHCO 3 . The combined organic layers were dried over Na 2 SO 4 and concentrated in vacuo. The residue was purified by flash column chromatography to give benzoin substrates [87] [88] [89] .
General procedure for the synthesis of benzils
The benzoins (1.0 mmol) and a 1 ml CH 2 Cl 2 solution of the porphyrins (1.0 9 10 -3 mmol) were dissolved in 14 mL of CH 3 CN in a quartz tube. Air was bubbled through the solution and the samples were irradiated using visible light or sunlight for 24 h. The solvent was removed under vacuum, and the residue was separated by column chromatography (silica gel, n-hexane/EtOAc, 3:1) to give the corresponding benzil. 
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Results and discussion
Many investigations for the preparation of benzils such as the reaction of oxalyl chloride with organostannanes, oxidation of alkynes, aldehyde condensation, and oxidation of alcohols have been documented. In view of significant drawbacks, such as the use of toxic and expensive reagents, high temperature, stoichiometric amounts of reagents, and low yield of these methods [90] [91] [92] [93] [94] , a more efficient catalytic system is in high demand.
In continuation, here we would like to report a highly efficient catalytic system for the aerobic oxidation of benzoin derivatives using porphyrins as catalyst, which can be smoothly oxidized to corresponding benzils. Photooxygenation was performed in solutions of acetonitrile under visible light or sunlight in the presence of porphyrins under 1 atm pressure of air at room temperature (Scheme 1).
The catalytic activity of different metalloporphyrins and structurally different free base porphyrins for the oxidation of benzoins to benzils compounds by molecular oxygen were investigated by using 2-hydroxy-1,2-diphenylethanone as a model substrate. The engaged metals for the oxidation reactions were Fe, Mn, and Zn, and (H 2 TPP), (H 2 TMP), and (H 2 TPFPP) were employed to cover different electronic properties. The results are summarized in Table 1 . The oxidation of 2-hydroxy-1,2-diphenylethanone catalyzed by these catalysts produced benzil as the product. The catalytic activity of metalloporphyrins for oxidation appears to be dependent on the nature of the central ions. ClFeTMP porphyrin showed the best activity among the three simple structure metalloporphyrin catalysts, and presented an excellent catalytic performance for the oxidation of 2-hydroxy-1,2-diphenylethanone in mild conditions. The catalytic activation of the four metalloporphyrins were in the sequence: [95, 96] . In order to obtain the best conditions, various solvents were used for the aerobic oxidation of 2-hydroxy-1,2-diphenylethanone, and the results are summarized in Table 2 . Acetonitrile is a good solvent for oxidation reactions, since it is relatively inert toward oxidation, and its tendency toward coordination and interaction with coordination compound is low. In addition, acetonitrile is usually polar enough to dissolve the substrates, products, and the catalyst. For the m-THPC (5,10,15,20-tetra(m-hydroxyphenyl)chlorin) sensitizer, the singlet oxygen lifetime in DMSO is 19 ls compared to 65 ls in CH 3 CN [97] . According to the literature, DMSO, H 2 O, CH 3 OH, C 2 H 5 OH and DMF are singlet oxygen quenchers [98] [99] [100] . In addition, it is confirmed that the lifetime of 1 O 2 in acetonitrile is high. The main mechanism which takes place in our reaction conditions may be the generation of singlet oxygens and their reaction with the substrates. Further evidence for a 1 O 2 mechanism was obtained by performing the photooxygenation in the presence of N 3 -, which is known as a singlet oxygen scavenger [95, 96, 101] . Entry 4 in Table 2 shows that the yield of free base porphyrin was considerably reduced under these conditions. In the presence of N 3 -, degradation of the porphyrin sensitizers was also inhibited.
The effect of light sources on the aerobic oxidation of 2-hydroxy-1,2-diphenylethanone to benzil catalyzed by H 2 TMP and ClFeTMP was investigated As shown in Table 3 , it seems that the conversion of 2-hydroxy-1,2-diphenylethanone was closely related with sunlight or white light, However, the reaction rate is considerably increased with the UV light.
It occurred to us that this reaction might proceed under solar irradiation because the spectral distribution curves of a fluorescent lamp and visible light were similar to that of sunlight. Furthermore, in accordance with the concept of ''green chemistry'', solar radiation is an infinite source of clean energy. In continuation, we checked the generality of the method, in which a variety of benzoins were oxidized to benzil compounds with H 2 TMP and ClFeTMP in moderate to excellent yields at room temperature with sunlight irradiation. The reactions were performed in a tube without any particular precautions. As shown in Table 4 , this catalytic system was applicable to a wide range of benzoin substrates. A possible mechanism for the formation of products with H 2 TMP and ClFeTMP porphyrin is shown in Scheme 2. Thus, in the presence of H 2 TMP formation singlet oxygen, there may be a new photochemical pathway that involves the overall insertion of molecular oxygen into the C-H bond of the alcohols 1 to form benzoins 2. Furthermore, independent photolysis of 2-hydroperoxy-2-hydroxy-1,2-diphenylethanone 2 in CH 3 CN results in the formation of 3, which is the only product [95, 96, 102] . Compound 3 decomposes further to the final product 4 and hydrogen peroxide which is a by-product. In the presence of ClFeTMP as a catalyst and oxygen, formation of intermediate 5 from photo-homolysis of 5 was formed through the reaction of Fe(II)TMP. The existance of Iron (II) comes from the homolysis of ClFeTMP [80, 95, 96, 103] . Iron(IV)-oxo intermediates activate alcohols exclusively by H-atom abstraction from the R-CH group of alcohol and result in the formation of 7. Formation of 4 possibly occurred by a dual hydrogen abstraction mechanism as previously proposed [95, 96, [103] [104] [105] . Safari et al. have proven these mechanisms [95, 96] . Oxidation of benzoins to benzils 2817 
Conclusion
We have developed a very simple and efficient aerobic photooxidation oxidation reaction for the conversion of benzoins to benzils using a catalytic amount of a nonmetallated and metallated porphyrins in the presence of visible light irradiation of a fluorescent lamp or sunlight and air in CH 3 CN. This novel method is thought to be convenient, green in view of the use of the catalyst, and environmentally friendly. This method is of great value from the perspectives green chemistry and organic synthesis due to its use of inexpensive and harmless visible light irradiated from a general purpose fluorescent lamp or sunlight, and molecular oxygen as terminal oxidant. Further application of this photooxidation to other reactions is now in progress in our laboratory.
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